The phototrophic dinoflagellate genus Scrippsiella is known to have a worldwide distribution. Here, we report for the first time, the occurrence of Scrippsiella lachrymosa in Korean waters. Unlike the other stains of S. lachrymosa whose cultures had been established from cysts in the sediments, the clonal culture of the Korean strain of S. lachrymosa was established from motile cells. When the sulcal plates of S. lachrymosa, which have not been fully described to date, were carefully examined using scanning electron microscopy, the Korean strain of S. lachrymosa clearly exhibited the anterior sulcal plate (s.a.), right sulcal plate (s.d.), left sulcal plate (s.s.), median sulcal plate (s.m.), and posterior sulcal plate (s.p.). When properly aligned, the large subunit (LSU) rDNA sequence of the Korean strain of S. lachrymosa was ca. 1% different from those of two Norwegian strains of S. lachrymosa, the only strains for which LSU sequences have been reported. The internal transcribed spacer (ITS) rDNA sequence of the Korean strain of S. lachrymosa was also ca. 1% different from those of the Scottish and Chinese strains and 3% different from those of the Canadian, German, Greek, and Portuguese strains. Thus, the Korean S. lachrymosa strain has unique LSU and ITS sequences. The abundances of S. lachrymosa in the waters of 28 stations, located in the East, West, and South Sea of Korea, were quantified in four seasons from January 2016 to October 2017, using quantitative real-time polymerase chain reaction method and newly designed specific primer-probe sets. Its abundances were >0.1 cells mL -1 at eight stations in January and March 2016 and March 2017, and its highest abundance in Korean waters was 26 cells mL -1 . Thus, S. lachrymosa has a nationwide distribution in Korean waters as motile cells.
INTRODUCTION
Dinoflagellates are known as one of the major components of diverse marine ecosystems (Wang et al. 2006 , Montero et al. 2017 . They often form red tides or harmful algal blooms that sometimes cause human illness and large-scale mortality of fin-fish and shellfish (Shumway and Cembella 1993 , Glibert et al. 2005 , 2015 , Anderson et al. 2012 , Park et al. 2013b ). Thus, the presence of a dinoflagellate in the waters of a country that has large aquaculture and tourism industries is of critical concern to scientists, government officials, industry stakeholders, and public.
quantitative real-time polymerase chain reaction (qPCR) are needed. We designed a S. lachrymosa-specific primer-probe set, using which, we quantified the abundance of S. lachrymosa in the waters from 28 stations, located in the East, West, and South Sea of Korea during four seasons in [2016] [2017] . The results of the present study provide a basis for understanding the morphological and genetic characterizations of S. lachrymosa and its nationwide distribution.
MATERIALS AND METHODS

Collection and culture of Scrippsiella lachrymosa
The Korean strain of S. lachrymosa (SLBS1703) was isolated from the surface water off Busan, southern Korea, in March 2017, when the water temperature and salinity were 10.9°C and 33.5, respectively ( Fig. 1) . A clonal culture of this species was established by two serial isolations. The culture was maintained in f/2 seawater medium (Guillard and Ryther 1962) at 20°C, with illumination of 20 μE m -2 s -1 cool white fluorescent light under a 14 : 10 h light-dark cycle. When the culture became dense, it was transferred every 2-3 weeks to a new 800-mL polystyrene culture flask containing f/2 seawater medium. This culture was then used to perform the genetic and morphological analyses.
Morphology
The overall shape and size of living cells and cysts of the Korean strain of S. lachrymosa (SLBS1703) were analyzed using light microscopy. Furthermore, detailed morphological characterizations, such as the shape and size of each plate, and the number of plates, were analyzed using scanning electron microscopy (SEM). For SEM observation, cells from a dense culture of the Korean strain of S. lachrymosa were fixed for 10 min in paraformaldehyde at a final concentration of 2% (v/v) in filtered seawater. All other methods for SEM observation, including cell collection, dehydration, drying, and observation, were performed as described in Kang et al. (2010) .
Nucleic acid extraction, polymerase chain reaction (PCR) amplification, sequencing, and phylogenetic analyses
For PCR amplification, nucleic acids were extracted from 10 to 15 mL of a dense culture of the Korean The genus Scrippsiella was first established by Balech (1959) and modified by Loeblich (1965) . Later, more than 22 new species have been described in this genus (Gó-mez 2003 , Gottschling et al. 2005 , Luo et al. 2016 . The species in this genus have been allocated to the subfamily Calciodinelloideae, because they have a calcareous layer within the wall of the resting cyst (Fensome et al. 1993 , Head et al. 2006 . Scrippsiella lachrymosa was first reported by Lewis (1991) . Cysts of this species has been found in the sediments of several European countries, such as United Kingdom, Scotland, Greece, Italy, Germany, Spain, Portugal, Sweden, and Norway, as well as Canada, United States, Chile, and southern Benguela (Lewis 1991 , Olli and Anderson 2002 , Gómez 2003 , Hoppenrath 2004 , Gottschling et al. 2005 , Joyce et al. 2005 , Gottschling and Kirsch 2009 , Pitcher and Joyce 2009 , Satta et al. 2010 , Zinssmeister et al. 2011 , Soehner et al. 2012 . In addition, the presence of S. lachrymosa in China was reported using internal transcribed spacer (ITS) ribotyping method (Zinssmeister et al. 2011 , Soehner et al. 2012 . Prior to the present study, only two studies (Kuylenstierna and Karlson 2000, Hoppenrath 2004 ) have reported the presence of motile cells of S. lachrymosa, which were found in net samples collected from the Helgoland Reede station, Germany, and Skagerrak and Kattegat, Sweden. Thus, it is worth investigating whether motile cells of this species exist in waters other than these northwestern European waters.
The overall morphology of Scrippsiella lachrymosa was first described by Lewis (1991) . However, this study mentioned that the number of the sulcal plates in S. lachrymosa was questionable. Thus, in the present study, we analyzed the detailed morphology of the S. lachrymosa strain isolated from waters off Busan, Korea, in 2017, following which, its clonal culture was setup and the plates were carefully examined using scanning electron microscopy. Furthermore, using this culture, we analyzed the small subunit (SSU), ITS, and large subunit (LSU) rDNA sequences of this species, which were then compared with the LSU and ITS rDNA sequences of other S. lachrymosa strains (Zinssmeister et al. 2011 , Soehner et al. 2012 .
Morphological differences in motile forms of the species in genus Scrippsiella are smaller compared with other dinoflagellate genera (Lewis 1991 , D'Onofrio et al. 1999 , Meier et al. 2002 , Gottschling et al. 2005 , Zinssmeister et al. 2011 . Thus, it is very difficult to distinguish one Scrippsiella species from another species in fixed samples. In order to quantify the abundance of S. lachrymosa in water samples, molecular techniques such as S. lachrymosa strain using the AccuPrep Genomic DNA Extraction Kit (Bioneer Cooperation, Daejeon, Korea), following manufacturer's instructions. The PCR amplification for the SSU, LSU, and ITS region of the ribosomal DNA (rDNA) was performed using EukA, EukB (Stoeck et al. 2005) , Euk1209F (Giovannoni et al. 1988 ), ITSR2 (Litaker et al. 2003) , D1RF (Scholin et al. 1994) , and LSUB (Litaker et al. 2003) (Table 1) . Next, Solg f-Taq DNA Polymerase (SolGent Co., Daejeon, Korea) was used according to the manufacturer's instructions to amplify the DNA. The DNA was amplified in a Mastercycler ep gradient (Eppendorf, Hamburg, Germany) using the following cycling conditions: 3 min at 94°C pre-denaturation, followed by 35 cycles of 1 min at 94°C, 1 min at the annealing temperature, and 2 min at 72°C, with a final extension of 5 min at 72°C.
The obtained sequences were manually edited using Contig Express (Invitrogen, Carlsbad, CA, USA). Next, phylogenetic analysis of the ITS regions of the Korean strain of S. lachrymosa was conducted using MEGA v.4 (Tamura et al. 2007) , with the sequences of outgroup and other Scrippsiella spp. obtained from NCBI and recently published results (Zinssmeister et al. 2011 , Soehner et al. 2012 . Maximum likelihood (ML) analyses were conducted using the RAxML 7.0.4 program with a GTRGAMMA model (Stamatakis 2006) . Further, 200 independent tree inferences were used to identify the best tree. ML bootstrap values were determined using 1,000 replicates. Bayesian analyses were conducted using MrBayes v.3.1 (Ronquist and Huelsenbeck 2003) in the default GTR + G + I model to determine the best available model for the data from each region. For all sequence regions, four independent Markov Chain Monte Carlo runs were performed, as described in Kang et al. (2010) . . The numbers in the parenthesis are the highest abundance at a station and the date when the highest abundance was obtained at the station. SC, Sokcho; JMJ, Jumunjin; DH, Donghae; UJ, Uljin; PH, Pohang; US, Ulsan; BS, Busan; DDP, Dadaepo; MS, Masan; JH, Jinhae; TY, Tongyoung; YS, Yeosu; KY, Kwangyang; GH, Goheung; JAH, Jangheung; AS, Ansan; DAJ, Dangjin; MGP, Mageompo; SCN, Seocheon; KS, Kunsan; BA, Buan; MP, Mokpo; AW, Aewol; GS, Gosan; SGP, Seogwipo; WM, Wimi; SS, Seongsan; GN, Gimnyeong. samples were stored at -20°C in the freezer and qPCR amplification was conducted within a day. The qPCR assays for determination of the standard curve were performed using the following steps modified from Lee et al. (2017) : 1 μL of DNA template, 0.2 μM of primers (forward and reverse) and 0.15 μM of probe (final concentrations), and 5 μL of HiFast Probe Hi-Rox (Genepole, Gwangmyung, Korea) were combined and DDW was added to each sample, resulting in the total final volume of 10 μL. The qPCR analyses were performed using Rotor-Gene Q (Qiagen, Hilden, Germany) under following thermal cycling conditions: 3 min at 95°C, followed by 40 cycles of 10 s at 95°C, and 40 s at 58°C. The aforementioned qPCR assay conditions were used to determine the abundance of S. lachrymosa in field samples. The DNA from each sample was amplified four times to ensure the accuracy of results. Samples using DDW as the template were used as the negative control, whereas the DNA used to construct standard curve was used as positive and standard control.
RESULTS
Morphology of the Korean strain of Scrippsiella lachrymosa
Under an inverted microscope, motile cells of the Korean S. lachrymosa strain were observed to be conical in epitheca, and rounded in hypotheca ( Fig. 2A & B) . The cell length and width of the photosynthetically grown motile cells (n = 20) were 16.3-23.2 and 13.0-21.5 μm, respectively (Table 2 ). In addition, the length-to-width ratio of the motile cells was 1.0-1.5 (Table 2) . However, when fixed and observed under SEM, the cell length and width were 14.6-21.2 and 12.3-18.1 μm, respectively ( Table 2 ). The ratio of the length to the width under SEM was 1.0-1.3. In addition, the shape of non-motile coccoid cells (cysts) was oval ( Fig. 2C & D) . When observed under an inverted microscope, the length and width of the coccoid cells (n = 20) were found to be 17.6-29.4 and 12.3-21.6 μm, respectively ( Table 2 ). The length-to-width ratio of the coccoid cells was 1.0-1.7.
When observed under SEM, the shape of epitheca of motile cells of the Korean S. lachrymosa strain was conical, whereas hypotheca was rounded (Figs 3A, C-E, 4A & B). The apical horn was of smooth circular-ridged shape, with upright collar and narrow intercalary bands around the pore plate (Po) located at the top (Figs 3A-E & 4A-C). The collar was extended to the narrow canal plate (x),
Design of TaqMan probe and primer set
Using the program MEGA v.4, ITS sequences of the Korean strain of S. lachrymosa obtained from PCR amplification were aligned with ITS rDNA sequences of the other strains of S. lachrymosa and related dinoflagellates, available from GenBank (Tamura et al. 2007) . Manual searches of the alignments were conducted to determine unique sequences and to develop a S. lachrymosa specific primer-probe set for qPCR assay. The sequences for the primer-probe set were selected from the regions that were conserved within S. lachrymosa strains, but allowed discrimination with other dinoflagellates. The primer and probe sequences of the target species were analyzed with Primer 3 (Rozen and Skaletsky 2000) and Oligo Calc: Oligonucleotide Properties Calculator (Kibbe 2007 ) software for optimal melting temperature and secondary structure. Subsequently, the primers and probe were synthesized by Biosearch Technologies (Petaluma, CA, USA). The probe was dual-labeled with the fluorescent dyes, FAM and BHQplus (Biosearch Technologies Inc., Novato, CA, USA), at the 5' and 3' ends, respectively (Table 1) .
Quantifying the abundance of Scrippsiella lachrymosa in the Korean waters
Using a clean bucket, water samples were collected from the surface of 28 stations in East, West, and South Sea of Korea in January, March, July, October, and December in 2016 and March, July, and October in 2017 (Fig. 1) .
Samples for qPCR (50-300 mL) were collected, filtered through 25-mm GF/C filter (Whatman Inc., Floreham Park, NJ, USA). The filter was loosely rolled and placed into a 1.5-mL tube and frozen under -20°C until transfer to the laboratory. The DNA from cells on the filter of each sample was extracted as described above.
Generating standard curve and qPCR amplification
To obtain the standard curve, DNA was extracted from a dense clonal culture of S. lachrymosa, targeting 100,000 cells in the final elution volume of 100 μL, using the identical method mentioned above. The extracted DNA was then serially diluted by adding predetermined volumes of deionized sterile water (DDW) (Bioneer Cooperation) to the 1.5-mL tubes, to ultimately prepare 6 different DNA concentrations, targeting 100, 10, 1, 0.1, 0.01, and 0.001% DNA concentration of the originally extracted DNA. Then http://e-algae.org , x, 4', 3a, 7'', 6c, 5s, 5''', 2'''' Po, x, 4', 3a, 7'', 6c, ?s, 5''', 2'''' Po, x, 4', 3a, 7'', 6c, 5s, 5''', 2'''' Po, x, 4', 3a, 7'', 6c, 5s, 5''', 2'''' Po, x, 4', 3a, 7'', 6c, 5s, 5''', 2'''' Po, x, 4', 3a, 7'', 6c, 5s, 5''', 2'''' Reference This study Lewis (1991) Lewis ( There were six postcingular plates (Table 2 , Figs 3C-G & 4D). The 1''', 2''', 4''', and 5''' plates were quadrangular, whereas the 3''' plate was pentagonal. In addition, there were two antapical plates, which were pentagonal (Table  2, 
Molecular characterization of the Korean strain of Scrippsiella lachrymosa
When compared, the sequence of LSU rDNA of the Korean strain of S. lachrymosa (SLBS1703) was different by 5 bp (0.7-0.8%) from those of two Norwegian strains of which touched the 1', 2', and 4' plates. The 1' plate was narrow and hexagonal, and the 2' plate was hexagonal, touching the x, Po, 1', 3', 1'', 2'', and 1a plates. The hexagonal arch-shaped 3' plate surrounded the Po plate and touched the 2' and 4' plates as well as the 1a-3a plates, whereas the hexagonal 4' plate touched the x, Po, 1', 3', 6'', 7'', and 3a plates ( In the phylogenetic tree based on LSU rDNA sequences of Scrippsiella spp., the Korean strain of S. lachrymosa formed a clade with two reported Norwegian strains (Fig. 6) . Moreover, in the phylogenetic tree based on ITS rDNA sequences, the Korean strain of S. lachrymosa also formed a clade with the Chinese (42D4) and Scottish (42E5) strains, but the clade was clearly divergent from the clade with the Norwegian (GeoB 259 and GeoB 288) and Canadian (GeoB 341 and GeoB 344) strains (Fig. 7) .
S. lachrymosa, the only strains for which LSU sequences have been reported. In addition, the sequence of LSU rDNA of S. lachrymosa SLBS1703 was 31 bp (4.6%) different from S. trifida, which is known to be morphologically similar to S. lachrymosa (Table 3) . Furthermore, the sequence of the ITS regions of S. lachrymosa SLBS1703 was 1-27 bp (0.4-6.0%) different from those of the other reported strains of S. lachrymosa, and 75-88 bp (16.1-16.2%) different from those of two S. trifida strains (Table 4) . (Table 5 , Fig. 1 ). The ranges of the temperature and salinity of the waters at the stations where S. lachrymosa was detected were 5.4-14.9°C and 30.5-34.3, respectively, while those at all stations were 1.1-28.0°C and 9.6-35.6, respectively (Table 6 ). ing these Norwegian strains. Therefore, the Korean strain of S. lachrymosa is clearly genetically different from the Norwegian strains. There are only 3 strains of S. lachrymosa whose LSU sequences have been reported, whereas there are 15 strains of S. lachrymosa whose ITS sequences have been reported. Therefore, the lack of LSU sequences may have resulted in the formation of the clade comprising the Korean and Norwegian strains. Lewis (1991) reported that the motile form of S. lachrymosa is morphologically similar to S. trifida. The LSU and ITS sequences of the Korean S. lachrymosa strain are considerably different from those of S. trifida, and in the LSU and ITS phylogenetic trees, the clades containing the Korean strain are clearly divergent from those containing S. trifida. Therefore, the results of the present study confirm that these two are different species.
Distribution of Scrippsiella lachrymosa in Korean water using qPCR
SC Sokcho - - - - - - - - - JMJ Jumunjin - - - - - - - - - DH Donghae - - - - - - - - - UJ Uljin - - - - - 0.3 - - 0.3 PH Pohang - - - - - 0.5 - - 0.5 US Ulsan - - - - - - - - - BS Busan - - - - - 0.2 - - 0.2 DDP Dadaepo - 1.1 - - - - - - 1.1 JH Jinhae - 26.3 - - - - - - 26.3 MS Masan - - - - - - - - - TY Tongyoung - - - - - - - - - YS Yeosu - - - - - - - - - KY Kwangyang - - - - - - - - - GH Goheung - - - - - - - - - JAH Jangheung - - - - - - - - - AS Ansan - - - - - - - - - DAJ Dangjin - - - - - - - - - MGP Mageompo - - - - - - - - - SCN Seocheon - - - - - - - - - KS Kunsan - - - - - 1.1 - - 1.1 BA Buan 1.1 1.5 - - - - - - 1.5 MP Mokpo - - - - - 6.2 - - 6.2 AW Aewol - - - - - - - - - GS Gosan - NA NA - - - - - - SGP Seogwipo - - - - - - - - - WM Wimi - - - - - - - - - SS Seongsan - - - - - - - - - GN Gimnyeong - NA NA - - - - - - qPCR,
Distribution of Scrippsiella lachrymosa in Korean waters
We report for the first time, the occurrence of S. lachrymosa in Korean waters. So far, the presence of S. lachrymosa has been reported mostly in the waters of European countries and rarely in America, Africa, and Asia (Lewis 1991 , Nehring 1994 , Gómez 2003 , Hoppenrath 2004 , Gottschling et al. 2005 , Joyce et al. 2005 , Gottschling and Kirsch 2009 , Pitcher and Joyce 2009 , Satta et al. 2010 , Zinssmeister et al. 2011 , Soehner et al. 2012 . Thus, the results of this study add Korean waters to the locations where S. lachrymosa are present.
S. lachrymosa is one of the common resting cyst-producing dinoflagellates (e.g., Persson et al. 2016) . The cultures of the other stains of S. lachrymosa were established from cysts in the sediments (Olli and Anderson 2002 , Olli et al. 2004 , Persson et al. 2016 , but the clonal culture of the Korean strain of S. lachrymosa was established from motile cells. Olli and Anderson (2002) reported that the dormancy period of the newly formed S. lachrymosa cysts was approximately 2 months. Thus, the environmental conditions under which the cysts of S. lachrymosa form could be different from those under which motile cells of S. lachrymosa are present. Therefore, to investigate the effects of environmental factors on distributions of S. lachrymosa, environmental conditions under which motile cells of S. lachrymosa occur should be understood. Kuylenstierna and Karlson (2000) and Hoppenrath (2004) reported the presence of motile S. lachrymosa cells in net samples collected from northwestern European waters, but they did not provide data on the environmental conditions. Therefore, the present study provides data about
DISCUSSION
Morphology of the Korean strain of Scrippsiella lachrymosa
The overall morphology of the Korean strain of S. lachrymosa looks similar to that of the Scottish strain (Lewis 1991) . However, there are some morphological differences between these two strains (Table 2) . First, the 2', 3', and 4' apical plates of the Korean strain are hexagonal, whereas those of the Scottish strain are all pentagonal. Second, the size of cysts of the Korean strain is 17.6-29.4 μm, considerably smaller than that of the Scottish strain (34-44 μm). Thus, the detailed morphology of the Korean strain of S. lachrymosa is somewhat different from that of the Scottish strain. Lewis (1991) did not provide the exact number of the sulcal plates of the Scottish strain. The results of this study clearly show that the Korean strain of S. lachrymosa has five sulcal plates (i.e., s.a., s.d., s.s., s.p., and s.m.). Thus, the plate formula of the Korean strain of S. lachrymosa can be completely determined as Po, x, 4', 3a, 7'', 6c, 5s, 5''', and 2''''.
Molecular characterization of the Korean strain of Scrippsiella lachrymosa
The sequences of both LSU and ITS rDNA of the Korean S. lachrymosa strain are different from those of any other strain of S. lachrymosa. Therefore, the Korean strain of S. lachrymosa has a unique sequence.
The LSU rDNA sequence of the Korean strain of S. lachrymosa is slightly different from that of the Norwegian strain, and in the phylogenetic tree based on the sequences of the LSU of Scrippsiella spp., the Korean strain forms a clade with these Norwegian strains. However, in the phylogenetic tree based on the sequences of the ITS of Scrippsiella spp., the Korean strain of S. lachrymosa belongs to a clade that is divergent from the clade contain- the environmental conditions under which motile cells of S. lachrymosa exist, which would help understand the ecophysiology of this species. S. lachrymosa was found in eight locations along the Korean peninsula. Thus, S. lachrymosa has a nationwide distribution in Korea. The Korean stations where S. lachrymosa was found are located at the latitudes of 35°07′-36°54′ N. The latitudes at which the other strains of S. lachrymosa were found are 27°12′-63°42′ N (Zinssmeister et al. 2011 , Soehner et al. 2012 . Thus, S. lachrymosa may have a wide latitudinal distribution.
During this study, the abundances of S. lachrymosa with >0.1 cells mL -1 were observed in January and March 2016 and in March 2017, when the water temperature was 5.4-14.9°C. Thus, the Korean strain of S. lachrymosa is likely to have a seasonality. Meanwhile, most of the S. lachrymosa cysts collected in the European countries were found when the water temperatures were 18-20°C (Rubino et al. 2010 ). However, these water temperatures may not be a good representative of the water temperatures at which motile cells of S. lachrymosa exist. Therefore, to determine whether the European strains have a seasonality or not, the distribution of motile cells with ambient water temperatures should be explored.
The highest abundance of S. lachrymosa in the Korean waters in 2016-2017 was 26 cells mL -1
. The present study for the first time reports the abundance of motile S. lachrymosa. The highest abundance of the red-tide dinoflagellate Scrippsiella acuminata (previously S. trochoidea) is ca. 15,000 cells mL -1 (Park et al. 2013a) . Although the highest abundance of S. lachrymosa during the study period is much lower than that of S. acuminata in Korean waters, with additional sampling, the highest abundance of S. lachrymosa may increase in the Korean waters.
